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s t a t e s  of N3 are  
potent ia l .  energy s u r f a c e s  f o r  t he  two l o v e s t  s i n g l e t  
c a l c u l a t e d  us ing  a Cashion-Herschbach approach. The 
non-adiabatic terms which couple these  suyfaces  can b e  d i r e c t l y  computed 
i n  t h i s  approximation. 
i t  i s  apparent  t h a t ,  f o r  excj- ta t ion ene rg ie s  below about 10 e V ,  non- 
a d i a b a t i c  t r a n s i t i o n s  must be confined almost e n t i r e l y  t o  a region l o c a l -  
ized a t  the  avoided c r o s s i n g  of t h e  two s u r f a c e s .  This  f a c t  suggests  t h e  
fol lowing s i m p l i f i e d  p i c t u r e  of t h e  dynamics of t h e  H' 3. H 
-1- A s  t h e  H and H i n  a low v i b r a t i o n a l  s t a t e  approach, they remain on t h e  
lower p o t e n t i a l  s u r f a c e  ( t h e r e  i s  no i n i t i a l  e l e c t r o n  jump).  
t o  a d h b a t i c a l l y  fol low t h e  lower s u r f a c e  i n  t h e  c l o s e - c o l l i s i o n  region, 
so t h e  p r o b a b i l i t y  of a non-adiabat ic  t r a n s i t i o n  does n o t  appear t o  be re- 
l a t e d  t o  t h e  lifetime of  t h e  c o l l i s i o n  complex. 
a re  receding t h a t  e l e c t r o n i c  t r a n s i t i o n s  become important. 
t h i s  model on t h e  threshold f o r  forniation of H and on t h e  p a r t i t i o n  of 
v i b r a t i o n a l  energy i n  t h e  products are d i scussed ,  and a conparison with 
r e c e n t  experiments of  Krenos and Wolfgang i s  iilcluded. 
From t h e  magnitudes of t hese  coupl ing terms 
r e a c t i o n :  2 
2 
They cont inue 







The r e a c t i o n  
as w e l l  as many o f  i t s  deuterium i s o t o p i c  v a r i a t i o n s ,  has r e c e n t l y  
been i n v e s t i g a t e d  exper imenta l ly .  Cross-sec t ions  and product  
t r a n s l a t i o n a l  energy d i s t r i b u t i o n s  have been measured as a f u n c t i o n  
of i n i t i a l  c o l l i s i o n  energy by Krenos and Wolfgang,' and by 
Hol l iday ,  Muckerman and Friedman. 2 
These r e a c t i o n s  are of' fundamental importance because they 
provide an e x c e l l e n t  oppor tuni ty  f o r  d i r e c t ,  meaningful comparison 
between experiment and theo ry .  H i s  a two-electron system f o r  
which i t  i s  p r e s e n t l y  f e a s i b l e  t o  perform a c c u r a t e  - ab i n i t i o  
4- 
3 
c a l c u l a t i o n s  of p o t e n t i a l  energy s u r f a c e s  . 3  I n  s p i t e  of t h i s  
,- s i m p l i c i t y  however these r e a c t i o n s  e x h i b i t  f e a t u r e s  such as 
charge t r a n s f e r ,  rearrangements and d i s s o c i a t i o n  t h a t  a r e  impor- 
t a n t  I n  the  most complicated chemical r e a c t i o n s .  
4 Csizmadia, Polanyi ,  Roach and Wong have r e c e n t l y  r e p o r t e d  
a three-dimensional  c l a s s i c a l  t r a j e c t o r y  c a l c u l a t i o n  of t h e  
dynamics of t h e  r e a c t i o n  
D' t H2 -+ H+ t HD, 
-3- 
us ing  t h e  ab - i n i t i o  p o t e n t i a l  s u r f a c e  of r e f e r e n c e  3. 
c a l c u l a t i o n  was performed f o r  center-of-mass c o l l i s i o n  ene rg ie s  
of 3, 4.5 and 6 e V .  
T h i s  
Unfor tuna te ly ,  t h i s  s tudy  i s  o f  l i m i t e d  
va lue  because i t  does not  t ake  i n t o  account non-adiabat ic  i n t e r -  
a c t i o n  wi th  a second p o t e n t i a l  energy s u r f a c e .  This i n t e r a c t i o n  
can b e  seen  from experiment t o  be very impor tan t  because a t  
ene rg ie s  above i t s  th re sho ld  the observed c ross - sec t ion  of  channel  
( l b )  i s  roughly equa l  t o  t h a t  of ( l a ) .  1 5 2  
The reason  t h a t  there e x i s t s  such a s t r o n g  i n t e r a c t i o n  
5 between the  two s u r f a c e s  can b e  seen  from F i g .  1, which p l o t s  
t h e  p o t e n t i a l  energy curves f o r  t h e  ground s t a t e s  of H 
w i t h  a common asymptote.  We can de f ine  a conf igu ra t ion  of H 
.I- and H2 2 
t 
3 
by s p e c i f y i n g  t h e  coord ina te s  R1, R2 and R t h e  d i s t a n c e s  between 3' 
n t ic le i  a and b, b and c ,  and a and e, r e s p e c t i v e l y ,  The curves of 
F ig .  1 can  then  be  thought  of as s l i c e s  of t h e  lowest  €1' p o t e n t i a l  
-< 3 
s u r f a c e s  f o r  conf igu ra t ions  R2=R3=b;  i . e . ,  one curve corresponds 
t o  H2 p l u s  a sympto t i ca l ly  d i s t a n t  €It and the  o t h e r  t o  H2 p l u s  
a sympto t i ca l ly  d i s tan t  H.  A s  i s  shown i n  F ig .  1, these curves 
t 
c ross  a t  R1=2.5 a .u .  
( R 2  and R 3 
H s p l i t s  i n t o  two s u r f a c e s ,  a s i n g l e t  and a t r i p l e t  (ICs and 
i n  l i n e a r  conf igu ra t ions ) .  
Ht i s  a l s o  I C t  i n  l i n e a r  conf igu ra t ions ,  and so  the c r o s s i n g  of 
t h e  two s i n g l e t  s u r f a c e s  becomes avoided. A s  a r e s u l t ,  each of 
I f  t h e  t h i r d  nuc leus  i s  now brought  c l o s e r  
large bu t  f i n i t e ) ,  the  s t a t e  c o r r e l a t i n g  w i t h  H: p l u s  
3 +  C 
The s u r f a c e - c o r r e l a t i n g  w i t h  H 2  p l u s  
' these s u r f a c e s  has r eg ions  f o r  which t h e  e l e c t r o n i c  conf igu ra t ion  
-4- 
i s  approximately that  of H2+H+ and o t h e r  r eg ions  f o r  which i t  
i s  approximately that  of H 2 t H .  It is  t h i s  avoided c r o s s i n g  t ha t  
i s  r e s p o n s i b l e  f o r  the large p r o b a b i l i t y  of formation of channel  
( l b )  
I- 
6 
I n  t h e  p r e s e n t  paper  we d i s c u s s  i n  more .detail t h e  n a t u r e  
of the  two impor tan t  p o t e n t i a l  s u r f a c e s  and of  t h e i r  non-adiabat ic  
coupl ing.  We then  reexamine the dynamics of r e a c t i o n  (1) i n  the  
0-10 eV c o l l i s i o n  energy range.  
make s e v e r a l  p r e d i c t i o n s  about i t s  mechanism, as w e l l  as a pre-  
l iminary  comparison w i t h  experiment.  We sha l l  r e p o r t  q u a n t i t a t i v e  
Using q u a l i t a t i v e  arguments, w e  
7 r e s u l t s  i n  a f u t u r e  paper .  
11. THE POTENTIAL SURFACES 
I n  o r d e r  t o  a c c u r a t e l y  d e s c r i b e  r e a c t i o n  (l), it is  necessary  
to possess  knowledge of t h e  lowest  two s i n g l e t  e l e c t r o n i c  s ta tes  
of  Hf and the  non-adiabat ic  coupl ing  between t h e s e  s ta tes .  The 
. Born-Oppenheimer e l e c t r o n i c  s ta tes  of HS have been t h e  o b j e c t  of 
3' 
3 
several  e x t e n s i v e  - ab i n i t i o  c a l c u l a t i o n s .  3 , 8 ~ 9  
t h i s  work, the ground e l e c t r o n i c  s u r f a c e  i s  known q u i t e  a c c u r a t e l y .  
AS a result of 
However, t h e  lowest  e x c i t e d  s i n g l e t  s t a t e  has been computed for 
only a few n u c l e a r  c o n f i g u r a t i o n s ,  ' 89ao-12 and c a l c u l a t i o n s  of t h e  
magnitude of  the  coupl ing between t h e s e  s u r f a c e s  hue t o  n u c l e a r  
motion has no t  prev ious ly  been r e p o r t e d .  
We have chosen t o  compute t he  p o t e n t i a l  s u r f a c e s  by a very 
' approximate  method based on t h e  London approach. The coulomb 
-5- 
and exchange i n t e g r a l s  t h a t  arise a r e  computed us ing  t h e  method 
of Cashion and E 1 e r ~ c h b a c h . l ~  
approach. Th i s  method has s e v e r a l  advantages i n  a d d i t i o n  to 
4- 
3 i ts  s i m p l i c i t y .  l5 
i n  terms of the  e l e c t r o n i c  s t r u c t u r e s  of  the  fragments of which 
Thus, w e  d e s i g n a t e  t h i s  t h e  LCH 
It expresses  the e l e c t r o n i c  s t r u c t u r e  of H 
t. t i t  i s  composed, H2 + H and H2 + H;  i . e . , i t  uses  d i r e c t l y  j u s t  
t hose  c o n f i g u r a t i o n s  which w e  i n t u i t i v e l y  know a r e  r e s p o n s i b l e  
for the  c r o s s i n g  of the  s u r f a c e s  i n  t h i s  sys t em.  Secondly,  it 
a l l o w s  the non-adiaba t ic  coupl ing  terms t o  be c a l c u l a t e d  i n  a 
very s t r a i g h t f o r w a r d  way ( s e e  Sec.  111). The dangers involved  
i n  us ing  an approximate,  non-va r i a t iona l  method of t h i s  t ype  are 
very r e a l .  
f o r  t h i s  s y s t e m  because of the  a v a i l a b i l i t y  of a c c u r a t e  v a r i a t i o n a l  
c a l c u l a t i o n s  of bo th  of the e l e c t r o n i c  s t a t e s  of i n t e r e s t .  The 
However, t h e s e  dangers are s u b s t a n t i a l l y  minimized 
v a l i d i t y  of the  LCH r e s u l t s  can be d i r e c t l y  tes ted by comparison 
w i t h  a c c u r a t e  c a l c u l a t i o n s  a t  those  n u c l e a r  c o n f i g u r a t i o n s  f o r  
which t h e  l a t t e r  are a v a i l a b l e .  
Using the  LCH method, t h e  two energy l e v e l s  o f  i n t e r e s t  are 
s i m p l y  the  lowest  two e igenvalues  of a symmetric 3x3 ma t r ix  given 
by17 
HL1 = El + (gE2+uE2+gE 3 -kUE3)/2 - 2EH 
H12 = (gE3-UE3)/2 (3 )  
'13 = (gE2-UE2)/2 
. .  
-6- 
= E2 9 (gE1+UEl+gE3+uE3)/2 - 2EH H22 
H33 = ' E3 + (gEltUEl+gE2+UE2)/2 - 2EH. 
El i s  the e l e c t r o n i c  energy of the  ground state of H2, 
g 
eva iua ted  a t  i n t e r n u c l e a r  d i s t a n c e  R1. 
ene rg ie s  of the *E+ ground s ta te  and 'E: first e x c i t e d  s t a t e  
g 
of H2, r e s p e c t i v e l y ,  eva lua ted  a t  R1. 
1s state  of H ,  -.5 a .u .  The a n a l y t i c  f u n c t i o n s  of Pedersen and 
P o r t e r  were used t o  Compute t h e  va lues  of  El, 'E1 and UE1. 
&;E1 and UE1 are the  
+ EH is t h e  energy of t h e  
18 
The form of t he  a t t r a c t i v e  ground s t a t e  p o t e n t i a l ,  as ca l -  
c u l a t e d  by the LCH method, i s  shown f o r  l i n e a r  conf igu ra t ions  i n  
F ig .  2. The minimum energy f o r  l i n e a r  conf igu ra t ions  i s  -1.299 a.u.  
l o c a t e d  a t  R =R =R /2=1.53 a.u.  Conroy computed a - v a l u e  of  
-1.280 a.u. a t  R =R =R /2=1.54 a.u.  The lowest po in t  on the  
8 
1 2 3  
1 2 3  
. ground s ta te  s u r f a c e  occurs  i n  an e q u i l a t e r a l  conf igu ra t ion ,  f o r  
which t h e  LCH method g ives  an  o v e r a l l  minimum a t  R =R =R =1.73 8.u.  
with an  energy of -1.356 a.u.  
1 2 3  
Conroy' ob ta ined  a va lue  of -1.348 a.u.  
a t  R,=R,=R3=1. 65 a .  u.  
The f i r s t  e x c i t e d  s i n g l e t  s ta te  computed by the  LCH approach 
is a t y p i c a l  r e p u l s i v e  p o t e n t i a l .  The same r e s u l t  was found by 
a number of  ear l ier  c a l c u l a t i o n s  f o r  t he  f e w  conf igu ra t ions  f o r  
\ 
-7- 
which numbers were r epor t ed .  8,10-12 
contour  of t h e  l i n e a r  conf igu ra t ions .  It has t h e  same gene ra l  
F ig .  3 shows an  energy 
The saddle p o i n t  i s  l o c a t e d  3 '  shape as t h e  ground s ta te  of H 
a t  R1=R,=R3/2=3.0 a .u .  
2.17 e V  above t h a t  of separated H: + H (4.13 e V  above separated 
H2 t H ) ,  
The energy of t h e  saddle p o i n t  i s  
+ 8 Conroy has r e p o r t e d  p o i n t s  on t h i s  s u r f a c e  a t  some 
c o n f i g u r a t i o n s .  The agreement f o r  t h i s  s t a t e ' i s  n o t  as good c2v 
as f'or t h e  ground s ta te .  l9 
t o  t h e  LCH r e s u l t  o f  -1.014 a .u .  a t  R =R =R /2=2.5 a .u .  For the  
Conroy8 obta ined  -0.968 a .u .  compared 
1 2 3  
e q u i l a t e r a l  c o n f i g u r a t i o n  R =R =R -3.0 a .u . ,  he r e p o r t e d  an energy 1 2 3- 
of -0.908 a .u .  compared t o  the LCH r e s u l t  of -0.901 a.u. 
The s e p a r a t i o n  between the two s u r f a c e s  i s  found t o  be  largest  
i n  e q u i l a t e r a l  conf igu ra t ions  and smallest i n  l i n e a r  conf igu ra t ions .  
The non-adiabat ic  coupl ing between t h e  s ta tes  i s  correspondingly 
greatest  f o r  l i n e a r  c o n f i g u r a t i o n s .  
Fo r  e q u i l a t e r a l  conf igu ra t ions ,  the  symmetry of t he  f irst  
e x c i t e d  s i n g l e t  i s  ' E f ;  i t  becomes degenera te  wi th  ano the r  e x c i t e d  
. s t a t e  which i s  a s s o c i a t e d  w i t h  the t h i r d  e igenvalue  of  the  ma t r ix  
(3) .  This  i s  an example of a c o n i c a l  i n t e r s e c t i o n  as d i scussed  by  
Tel le r , "  b u t  s i n c e  t h i s  c r o s s i n g  l i e s  above t h e  l i m i t  f o r  3 body 
d i s s o c i a t i o n  i t  must p l a y  a very small r o l e  i n  the dynamics of 
r e a c t i o n  (1). The avoided s u r f a c e  c r o s s i n g  r e spons ib l e  f o r  t h e  
appearance o f  channel  ( l b )  i s  n o t  of t h i s  t ype .  It can be p ic -  
t u r e d  i n  F i g .  4. The two s o l i d  l i n e s  a r e - s l i c e s  of  the  l i n e a r  
p o t e n t i a l  s u r f a c e s  of F i g s .  2 and 3 t aken  a t  R1=5 a.u.  Comparison 
-8- 
w i t h  F ig .  1 shows t h a t  as t h e  t h i r d  body is brought c l o s e r ,  
the  degeneracy a t .R-2 .5  i s  removed. 
one would expect  t r a j e c t o r i e s  t o  fo l low d i a b a t i c  curves  which 
look similar t o  t hose  of F ig .  1. 
s e p a r a t e ,  low energy t r a j e c t o r i e s  should have a greater tendency 
t o  fol low a d i a b a t i c  curves l i k e  those  p i c t u r e d  i n  F ig .  4. 
Therefore ,  f o r  large R1 
For  smaller R1, a s  the  s u r f a c e s  
111, NON-ADIABATIC COUPLING 
I n  o r d e r  to determine a t  what p o i n t  t h i s  t r a n s i t i o n  between 
d i a b a t i c  and adiabat ic  behavior  OCCUPS, and indeed t o  what e x t e n t  
such a s i m p l i f i e d  p i c t u r e  i s  v a l i d  at all, it i s  necessary t o  
cons ide r  t h e  of f -d iagonal  coupl ing between the  two a d i a b a t i c  
s u r f a c e s .  The t o t a l  Hamiltonian H f o r  the system i s  t h e  sum o f  
the  clamped n u c l e i  pa r t ,  Bo, and the n u c l e a r  k i n e t i c  energy 
o p e r a t o r ,  TN: 
W = TN i- Ho)  
where 
( 4 )  
The u s u a l  a d i a b a t i c  e l e c t r o n i c  wave f u n c t i o n s  @ i ( R ; r )  are eigen- 
- 5  
-9- 
where r refers to electronic coordinates and 
coordinates. 
., 
Let us now obtain eigenfunctions of the 
( 4 )  in the two-state approximation; i . e . ,  we 
wave function Y(R,r) t o  be of the form -.-. 
Operating on Y with ( 4 )  and multiplying 
j=1,2, results in two coupled equations 
functions x i ( R ) :  w 21 
R u t o  nuclear 
tot a1 Hami It onian 
choose the total 
from the left by .(R;r) 1 ,  J - -  
f o r  the nuclear wave 
Here we have used the relation 
which is easily shown to be valid in the strict two-state approxi- 
mation as a consequence of choosing the 4’s to be real and 
\ normalized. The terms on the rhs of Eqs. (8) responsible for 
-10- 
coupl ing t h e  two a d i a b a t i c  states depend on the n u c l e a r  ve loc i -  
t i e s ,  --INxi, m u l t i p l i e d  by ma t r ix  elements of t h e  form 1 
mN 
I n  the LCH approach one i m p l i c i t l y  expresses  t h e  e l e c t r o n i c  
wave f u n c t i o n s  @ -  i n  terms of 3 undetermined b a s i s  f u n c t i o n s  ui, 
which are assumed t o  be or thogonal  ( n e g l e c t  o f ' o v e r l a p ) :  
The of f -d iagonal  m a t r i x  elements (10)  can be expressed i n  terms 
of t h e s e  f u n c t i o n s :  
Cons i s t en t  with n e g l e c t  of ove r l ap ,  we s e t  
iP3'. 
For  ui real  and normalized, r e l a t i o n  (13) i s  t r u e  f o r  i = j  as 
w e l l ,  s o  
-11- 
These terms can e a s i l y  be c a l c u l a t e d  from d e r i v a t i v e s  o f  mat r ix  
. .  .. ., 
elements of the LCH Hamiltonian ( 3 ) :  
where the  ma t r ix  D is  def ined  by 
and w e  have used t h e  r e l a t i o n  [Ho-Ei]$,=O. 
Since’ w e  have expressed H i n  a n a l y t i c  form (Eq.  3 ) ,  w e  
i j  
can eas i ly  o b t a i n  D . i n  a n a l y t i c  form.. The obvious s i m p l i c i t y  
5s 
of t h i s  method i n  comparison w i t h  numerical  procedures sugges ts  
tha t  t h i s  and related approaches might  b e  extremely va luab le  i n  
o b t a i n i n g  a semi-quant i ta t ive  understanding of non-adiabat ic  
e f f ec t s  i n  many more complicated s y s t e m s .  22 
The dashed l i n e  of F i g .  4 i s  the  m a t r i x  element 
F igures  5 and 6 show contour  maps of  t h e  ma t r ix  a .u ,  
elements < @ l l a ( R  +R ’ and < $ l l a ( R  a + 2  -R ) >, r e s p e c t i v e l y .  *3 It can 
immediately be seen  from these f i g u r e s  t h a t  t he  coupl ing terms are 
1 2  1 2  
very l a r g e  only a t  t h e  avoided c r o s s i n g  (Rl o r  R2=2.5  a . u . ) ,  and 
f o r  very small va lues  of Rl o r  R2. I n  the r eg ion  of t h e  c r o s s i n g  




1 aR, <$ I---> remains r e l a t i v e l y  small. Therefore  i t  i s  v i b r a t i o n a l  
motion, no t  t r a n s l a t i o n a l ,  that  i s  most e f f e c t i v e  i n  producing 
non-adiabat ic  t r a n s i t i o n s .  
To o b t a i n  a rough q u a n t i t a t i v e  idea of  the r e l a t i o n  between 
the  magnitude of the coupl ing term (10)  and the r e s u l t i n g  pro- 
b a b i l i t y  of non-adiabat ic  t r a n s i t i o n ,  w e  can make use of  t h e  
Massey parameter: 24 
w > > l  i s  the cond i t ion  f o r  weak coupl ing.  For t he  11' system t h e  3 
s e p a r a t i o n  between t h e  two e l e c t r o n i c ' s u r f a c e s  IE1-E21 can vary 
between 0 and 1 a .u .  i n  the  r eg ions  o f  i n t e r e s t .  Taking a 
t y p i c a l  va lue  of .03  a .u .  and s e t t i n g  the v e l o c i t y  V = . O l  a .u .  
(2x10 cm/sec, corresponding t o  k i n e t i c  e n e r g i e s  of a f e w  v o l t s )  




>?1 a ; u .  the  coupl ing i s  s t r o n g  enough t o  induce non- a4)2 %b- 
adiabatic t r a n s i t i o n s  with s i n g i f i c a n t  p r o b a b i l i t y .  For  
<+ I---> <1 a .u . ,  non-adiabat ic  t r a n s i t i o n s  are r e l a t i v e l y  u n l i k e l y  
a t  ene rg ie s  of only a few e V .  
a @ 2  
1 aR 
IV. D I S C U S S I O N  
Even wi thout  performing c a l c u l a t i o n s  on the  dynamics of 
r e a c t i o n  (1) we can o b t a i n  some q u a l i t a t i v e  i n s i g h t  i n t o  i t s  
mechanisme7 I n  any s y s t e m  such as t h i s  f o r  which two o r  more 
-13- 
a d i a b a t i c  e l e c t r o n i c  p o t e n t i a l  s u r f a c e s  are known t o  i n t e r a c t  
s t r o n g l y ,  there e x i s t s  t h e  p o s s i b i l i t y  that  t h e  n u c l e i  cannot 
be desc r ibed  even approximately as moving on any one p o t e n t i a l  
s u r f a c e  a t  any given i n s t a n t  ( w i t h  perhaps occaFional  jumps be- 
tween s u r f a c e s ) .  Rather the n u c l e i  might experience an e f f e c t i v e  
p o t e n t i a l  which i s  no t  a s s o c i a t e d  w i t h  a s i n g l e  s u r f a c e  b u t  i s  
some kind of average.  T h i s  would be expected t o  be t r u e  i f  t h e  
coupl ing terms remained s i g n i f i c a n t  over  a large r e g i o n  of 
c o n f i g u r a t i o n  space .  It could be t h e  case  even below t h e  t h r e s h o l d  
f o r  formation of e l e c t r o n i c a l l y  e x c i t e d  products  i f  t h e  upper 
s u r f a c e  ( s )  has a t t r a c t i v e  reg ions  o r  I f  " v i r t u a l  t r a n s i t i o n s "  
t o  c l a s s i c a l l y  fo rb idden  reg ions  of a n  upper s u r f a c e  were impor- 
t a n t .  I n  the HS s y s t e m  the s m a l l  masses of t h e  n u c l e i  make such 
a s i t u a t i o n  seem more l i k e l y .  However, from F i g s .  5 and 6 w e  
3 
s e e  t h a t ,  exc luding  r eg ions  of very small  R ,  t h e  coupl ing terms 
are l a r g e  only a long  a l i n e 2 5  l o c a l i z e d  a t  the avoided c ross ing .  
Thus . i t  seems l i k e l y  t h a t  away from t h i s  c r o s s i n g  seam where t h e  
non-adiabat ic  e f f e c t s  are q u i t e  sma l l ,  f o r  10s.r energy c o l l i s i o n s ,  
the  motion of  t h e  n u c l e i  can be t r e a t e d  t o  a reasonable  approxi- 
mation q u a s i - c l a s s i c a l l y  on one o r  t h e  o t h e r  p o t e n t i a l  s u r f a c e .  
It i s  t h i s  approximation and n o t  t h e  accuracy of the  i n d i v i d u a l  
s u r f a c e s  t h a t  may w e l l  t u r n  o u t  t o  be the l i m i t i n g  f a c t o r  i n  
o b t a i n i n g  a c c u r a t e  t r a j e c t o r i e s  that  proceed through t h e  d o t t e d  
o r  c rossed  hatched areas of F i g s .  5 and 6. The e x t e n t  t o  which 
26 t h i s  i s  t r u e  i s  p r e s e n t l y  b.eing examined q u a n t i t a t i v e l y .  
-14- 
I n  l i g h t  of t h i s ,  the  mechanism of r e a c t i o n  (1) can be 
v i s u a l i z e d  i n  t he  fo l lowing  way. 
v i b r a t i o n a l  s t a t e  ( ~ 2 4 )  then  i t s  v i b r a t i o n a l  amplitude w i l l  be 
i n s u f f i c i e n t  t o  r each  the c r o s s i n g  seam, and t h e r e f o r e  non- 
a d i a b a t i c  t r a n s i t i o n s  should no t  occur  as the H' and H2 approach 
a t  large d i s t a n c e s ;  i . e . ,  an i n i t i a l  e l e c t r o n  jump is  very 
improbable. (Charge t r a n s f e r  a t  large d i s t a n c e s  could occur  
i f  H2 was i n i t i a l l y  e x c i t e d  above t h e  v=4 l e v e l . )  
of large coupl ing  a t  small i n t e r n u c l e a r  s e p a r a t i o n s  are no t  
e n e r g e t i c a l l y  a c c e s s i b l e  f o r  c o l l i s i o n  e n e r g i e s  below 1 0  eV, so  
I f  H2 i s  i n i t i a l l y  i n  a low 
The reg ions  
as t h e  p a r t i c l e s  c o l l i d e  t h e y  are s t i l l  u n l i k e l y  t o  undergo a 
non-adiabat ic  t r a n s i t i o n .  S i m i l a r l y ,  as t h e  n u c l e i  move i n  t h e  
reg ion  o f  t h e  deep p o t e n t i a l  w e l l  of  t h e  lower s u r f a c e ,  they 
should fo l low that  s u r f a c e  a d i a b a t i c a l l y .  This can be seen  from 
the s i z e  of the coupl ing  terms i n  F i g s .  5 and 6.27 
c h i e f l y  a r e f l e c t i o n  of t h e  f a c t  t h a t  f o r  those  conf igu ra t ions  
This  i s  
f o r  which t h e  lower energy s u r f a c e  i s  very a t t r a c t i v e ,  the upper 
s u r f a c e  i s  correspondingly r e p u l s i v e .  Therefore  t h e  two s u r f a c e s  
have a large energy s e p a r a t i o n  and small i n t e r a c t i o n  i n  t h i s  
r eg ion .  I n  f a c t ,  a l a r g e  par t  of t h e  upper  s u r f a c e  i n  t h i s  
reg ion  i s  c l a s s i c a l l y  forb idden  for c o l l i s i o n  e n e r g i e s  below 
about 5 eV.  Thus i t  appears probable  t h a t ,  con t r a ry  t o  t h e  
sugges t ion  of Hol l iday ,  e t  .al. ,2 t h e  l i fe t ime of the c o l l i s i o n  
complex has l i t t l e  t o  do w i t h  t h e  l i k e l i h o o d  of occurrence of 
an i n t e r n a l  conversion.  Rather, the  e l e c t r o n i c  conf igu ra t ion  o f  
the products ,  channel ( l a )  vs .  ( l b ) ,  i s  determined a s  t h e  products  
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s e p a r a t e  and move back and f o r t h  through the c r o s s i n g  seam. 
The q u e s t i o n  of whether o r  no t  t he  r e a c t i o n  does i n  f a c t  
i nvo lve  a long- l ived  in t e rmed ia t e  cannot be answered without  . 
d e t a i l e d  c a l c u l a t i o n s .  
The q u a s i - c l a s s i c a l  t r a j e c t o r y  c a l c u l a t i o n s  of Csizmadia, 
4 e t . a l .  cons idered  motion on the ground s t a t e  s u r f a c e  a lone ,  
and were r e s t r i c t e d  t o  t h e  d e s c r i p t i o n  of  the thermoneutral  
product  ( 2 )  on ly .  Such a c a l c u l a t i o n  should  be a c c u r a t e  f o r  
c o l l i s i o n  e n e r g i e s  below about 2 .2  eV because t h e  t r a j e c t o r i e s  
could not  reach t h e  c r o s s i n g  seam. I n  the range 3 t o  6 eV f o r  
which t h e i r  c a l c u l a t i o n s  were c a r r i e d  o u t ,  however, the  c a l c u l a -  
t i o n s  a r e  not  meaningful even f o r  the  d e s c r i p t i o n  of the  thermo- 
n e u t r a l  channel ( 2 ) .  T h i s  i s  due t o  t h e  f a c t  t h a t  a f t e r  c o l l i -  
s i o n ,  as the s e p a r a t i o n  between products  i n c r e a s e s ,  t r a j e c t o r i e s  
should follow a d i a b a t i c  ,rather than an a d i a b a t i c  s u r f a c e  when 
pass ing  through the seam. But t h i s  breakdown of t h e  c a l c u l a t i o n  
occurs  only when t h e  products  are receding .  Before product  
s e p a r a t i o n  t r a j e c t o r i e s  should ,  except  f o r  rare cases ,  evolve 
e s s e n t i a l l y  e n t i r e l y  on t h e  lower s u r f a c e .  Therefore  t h e  conclu- 
s i o n s  of Csizmadia, e t . a l .  a s  t o  t h e  complex vs .  d i r e c t  n a t u r e  
of t h e  r e a c t i o n  mechanism should be meaningful,  even a t  e n e r g i e s  
of  3 t o  6 ev.  
4 
Because t h e  upper s u r f a c e  i s  r e p u l s i v e ,  t h e  c r o s s i n g  seam 
achieves  i t s  lowest energy i n  t h e  asymptot ic  r eg ion .  Therefore  
\ + . w e  can make some p r e d i c t i o n s  concerning t h e  H2 r e a c t i o n  t h r e s h o l d  
and t h e  p a r t i t i o n i n g  of v i b r a t i o n a l  energy i n  t h e  p roduc t s ,  based 
-16- 
on the  asymptot ic  p o t e n t i a l  curves  shown i n  F ig .  1. 28 
order f o r  H2 product  t o  be formed w i t h  s i g n i f i c a n t  p r o b a b i l i t y ,  
I n  
t 
t h e  system must have enough energy t o  reach the  c r o s s i n g  seam. 
A s  shown i n  F i g .  1, t h i s  e f f e c t i v e l y  r e q u i r e s  t ha t  there  be 
enough energy t o  form H: i n  i t s  v = l  s ta te .  
p r e d i c t e d  t h r e s h o l d  f o r  r e a c t i o n  ( l b )  of 2.106 e V ,  rather t h a n  
T h i s  r e s u l t s  i n  a 
1.835 eV obta ined  from thermodynamic cons ide ra t ions .  
6 Now cons ide r  r e a c t i o n  (1) as t h e  i n i t i a l  energy i s  i n c r e a s e d  
from below to above the t h r e s h o l d  f o r  format ion  of H:. 
produced i n  the  i n i t i a l  c l o s e  c o l l i s i o n  w i t h  v i b r a t i o n a l  quantum 
The H2 
number 54 shou ld  not  be a f f e c t e d  much by the  opening of  t h e  new 
channel,  because t h e i r  v i b r a t i o n a l  amplitude i s  not  large enough 
t o  reach  the  c r o s s i n g  seam. Note t h a t ,  as shown i n  F ig .  1, t h e  
4- v=4 l e v e l  l i e s  above t h e  v=O l e v e l  of H2 b u t  no t  above t h e  c r o s s i n g  
energy. 
deple ted  by competi t ion w i t h  t h e  H a  channel.  
formed w i t h  predominantly low v i b r a t i o n a l  energy,  S i m i l a r l y ,  
v i r t u a l l y  no H2 should  be formed w i t h  v=O. Furthermore,  from 
dynamic cons ide ra t ions  it i s  expected t h a t  very l i t t l e  H2 w i l l  be 
formed i n  the v = l  l e v e l .  
H2 formed w i t h  v>4 can reach t h e  c r o s s i n g  and should  be 




Recently i n  t h i s  l abora to ry  Krenos and Wolfgang3' have 
measured the  v e l o c i t y  d i s t r i b u t i o n  of H2 formed i n  r e a c t i o n  (1). 
Fig .  7 compares t h e i r  experimental  H2 product  v e l o c i t y  d i s t r i -  
bu t ion  t o  two d i s t r i b u t i o n s  ob ta ined  by t h e  phase space theory .  




v i b r a t i o n a l  l e v e l s  were inc luded ,  w h i l e  i n  t h e  second t h e  v=O and 
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v = l  states were omit ted.  It can be seen  tha t  t h e  agreement 
i s  b e t t e r  i f  the v=O and v = l  l e v e l s  are l e f t  ou t  of' t h e  
+ c a l c u l a t i o n ,  sugges t ing  t ha t  H2 is  indeed formed wi th  v ibra-  
t i o n a l  energy h i g h e r  t han  tha t  which would be expected from 
33 s t a t i s t i c a l  arguments. 
These p r e d i c t i o n s  have been based on t h e  assumption t h a t  
t 
3 t h e  H s y s t e m  does invo lve  a l o c a l i z e d  avoided s u r f a c e  c r o s s i n g  
rather t h a n  s t r o n g  non-adiabat ic  coupl ing ove r  a large reg ion  
of conf igu ra t ion  space .  If this assumption i s  v a l i d ,  as i s  
i n d i c a t e d  by F i g s .  5 and 6 ,  t hen  i t  sugges t s  tha t  the dynamics 
of r e a c t i o n  (1) can be t reated by an ex tens ion  o f  t h e  quas i -  
c l a s s i c a l  t r a j e c t o r y  approach. The motion of t he  n u c l e i  would 
be desc r ibed  by a c l a s s i c a l  t r a j e c t o r y  on t h e  i n i t i a l  p o t e n t i a l  
s u r f a c e  u n t i l  it reached t h e  c r o s s i n g  seam. A t  t h i s  p o i n t  a 
dec i s ion  would be made as t o  whether o r  no t  t he  system jumped t o  
t h e  o t h e r  s u r f a c e ,  accord ing  t o  a p r o b a b i l i t y  f u n c t i o n  P ( R , V ) .  
The t r a j e c t o r y  would then  be cont inued c l a s s i c a l l y  on whichever 
s u r f a c e  was i n d i c a t e d ,  w i t h  a small v e l o c i t y  c o r r e c t i o n  i f  i t  
d i d  switch s u r f a c e s ,  u n t i l  it a g a i n  reached the seam. The pro- 
b a b i l i t y  func t ion  P ( R , V )  would depend, i n  gene ra l ,  on p o s i t i o n  R 
- 5  
- -  .u 
and v e l o c i t y  V. It could be chosen i n  any of  a number of ways 
such as a s i m p l e  s t e p  f u n c t i o n  (P=l o r  O), a Landau-Zener t y p e  
express ion  o r  perhaps even b y  a c t u a l  numerical  i n t e g r a t i o n  of  t h e  
coupled equa t ions  through t h e  seam. Ca lcu la t ions  a long  t h i s  l i n e  
. 
are c u r r e n t l y  be ing  c a r r i e d  o u t  i n  conjunct ion  with a s tudy  of  
26 t he  v a l i d i t y  of  t h i s  approach. 
- 18 - 
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2198 (1964).  
When app l i ed  to H+,more involved  approaches such as t h e  
method of  Porter  and Karplus ( s e e  ref.  16 )  are i n  worse 
agreement w i t h  r e f .  8 than  the  zero  ove r l ap  methods. 
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It i s  impor tan t  t o  n o t e  t h a t  t he  ma t r ix  elements (10) can 
be ob ta ined  i n  t h i s  way wi thout  e x p l i c i t  knowledge o f  t h e  
basis func t ions  ui. Approximate methods such as LCH are 
gene ra l ly  reasonably  s u c c e s s f u l  i n  p r e d i c t i n g  p r o p e r t i e s  
which do n o t  depend e x p l i c i t l y  on t h e  (unknown) basis func- 
t i o n s ,  b u t  are o f t e n  s e r i o u s l y  i n  error when c a l c u l a t i n g  
p r o p e r t i e s  f o r  which a c t u a l  expres s ions  f o r  t he  basis func t ions  
are r equ i r ed .  
The coord ina te s  R1tR2 and R1-R2 were chosen s i m p l y  t o  make 
t h e  f i g u r e s  symmetrical .  
See, f o r  example, E.E.  N i k i t i n ,  i n  Chemische Elementarprozesse,  
e d i t e d  by H .  Hartmann (Springer-Verlag,  Be r l in  and Heidelberg, 
1968). 
A s u r f a c e  i n  three dimensions.  
J.C. Tul ly  and R .  Pres ton ,  t o  be publ i shed .  
Note t h a t ,  as mentfoned ear l ie r ,  the  magnitude of t h e  coupl ing  
decreases as the geometry i s  ben t  away from l i n e a r .  
P a r t i t i o n i n g  of r o t a t i o n a l  energy i n  t h e  products  o f  r e a c t i o n  
(1) is  d i scussed  by D.R. Herschbach, K .  Lacmann, J. T u l l y  
and R .  Wolfgang, t o  be publ i shed .  
I n  o r d e r  f o r  H2 t o  be formed t h e  system must undergo an  odd 
number of  non-adiaba t ic  t r a n s i t i o n s .  For  t r a j e c t o r i e s  which 
t 






J ,  Krenos and R .  Wolfgang, t o  be publ i shed .  
See J.C. L i g h t ,  Disc. Faraday SOC.  44, 1 4  (1968), and 
r e fe rences  t h e r e i n ,  
To more eas i ly  compare w i t h  experiment ,  t he  phase space  
c a l c u l a t i o n s  were "smoothed" t o  e l i m i n a t e  v i b r a t i o n a l  
s t r u c t u r e .  
Experiments are c u r r e n t l y  be ing  c a r r i e d  o u t  on this r e a c t i o n  
4- 'which might be  capable  of r e s o l v i n g  H2 v i b r a t i o n a l  s t r u c t u r e  
( P r i v a t e  communication w i t h  J ,  Krenos and R .  Wolfgang). Th i s  ' 
would provide  an even more s t r i n g e n t  t e s t  o f  the theo ry .  
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FIGURE CAPTIONS 
Fig .  1 
Fig .  2 
F i g .  3 
Fig.  4 
F i g *  5 
F ig .  6 
F ig*  7 
f P o t e n t i a l  curves  of  t h e  ground states of  H2 and H2, 
drawn wi th  t h e  same asymptote,  showing the  c r o s s i n g  
at Rz2.5 a , u .  
P o t e n t i a l  energy s u r f a c e  f o r  the ground s ta te  of l i n e a r  
H;. 
t o  d i s s o c i a t e d  p a r t i c l e s .  
R1 and R2 are i n  a.u, and e n e r g i e s  i n  e V  r e l a t i v e  
P o t e n t i a l  energy s u r f a c e  f o r  t h e  f i r s t  e x c i t e d  s i n g l e t  
s t a t e  of l i n e a r  H+ 3' 
Sec t ions  of the two lowest  s i n g l e t  s u r f a c e s  of H+ 3' 
showing t h e i r  avoided c ross ing .  
Contour map of the non-adiabat ic  coupl ing terms f o r  
the l inear  symmetric v i b r a t i o n a l  mode, R1, R2 and 
the coupl ing  m a t r i x  ele'ment are i n  a .u .  
Contour map of  the  non-adiabat ic  coupl ing terms f o r  the  
l i n e a r  asymmetric v i b r a t i o n a l  mode. 
f I n t e n s i t y  o f  H2 p roduci  formed i n  r e a c t i o n  (1) f o r  
i n i t i a l  c o l l i s i o n  energy of 2.88 eV. S o l i d  l i n e  i s  
experiment ,  do t t ed  l i n e  i s  phase s p a c e ' p r e d i c t i o n ,  
and dashed l i n e  i s  phase space p r e d i c t i o n  w i t h  v=O 
and v = l  l e v e l s  omi t t ed ,  
I 
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